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Nucleoside triphosphates are crucial mediators of life. ATP is used to drive unfavorable chemical reactions, to fuel biological machines, and to regulate a number of processes via protein-phosphorylation. GTP, in turn, is used almost exclusively for the regulation of signal transduction and transport processes. Proteins that bind and use ATP and GTP for enzymatic reaction and regulation are very diverse [1] .
Fluorescence is a powerful technique to obtain information about the size and structure of proteins, allows quantitation of the kinetic and equilibrium constants describing the systems.
Using a fluorescence microscope, it can also shed light on the cellular distribution of the proteins. One of the primary reasons for the widespread use of fluorescence to study proteins is the inherent high sensitivity of the method. Thus considerable effort has been expended on modifying nucleotides to improve their utility as fluorescent probes for investigations of nucleotide-binding proteins [2] [3] [4] [5] . Rendering the nucleotide fluorescent, while retaining the biological activity of the parent nucleotide, can provide useful information about interactions of nucleotide with protein.
Various fluorescent nucleotide analogs including those with modified base, phosphate, and ribose moieties have been developed (for recent reviews see [4, 5] ). The first fluorescent ribose-modified ATP appears to have been 2',3'-O-(2,4,6-trinitrocyclohexadienylidene) adenosine 5'-triphosphate (TNP-ATP) introduced by Hiratsuka and Uchida in 1973 [6] . The corresponding analog of GTP (TNP-GTP) was synthesized by Hiratsuka 12 years later [7] .
These colored fluorescent nucleotide analogs can be excited at wavelengths (408 and 470 nm) far from where proteins or nucleotides absorb, and fluoresce at 530-560 nm [7] [8] [9] . It should be emphasized that they are weakly fluorescent in aqueous solutions, while the fluorescence can be enhanced markedly upon binding to a protein. This property enables us to use the analog as a fluorescent probe in investigations of binding interactions of nucleotide with various proteins. Techniques employing the TNP nucleotide analogs have proved to be complementary to, and in several cases even superior to, the traditional-radionucleotide based 5 techniques. Increasing costs and public concerns associated with radioactive isotope use and dispersal are also making the use of TNP nucleotide analogs more attractive in research use.
The TNP nucleotide analogs are prepared by an easy one-step synthesis [6] [7] [8] 
STRUCTURES
The ribose moiety of ATP is easily trinitrophenylated by 2,4,6-trinitrobenzenesulfonate at pH 9.5 in aqueous solution to form the Meisenheimer spiro complex [6, 8] . The corresponding analog of GTP is also obtained under similar conditions with the use of 2,4,6-trinitrochlorobenzene [7] . Figure 1 shows the structures of the TNP nucleotide analogs at neutral or basic pH values. The proton NMR spectrum of TNP-ATP showed that the H-8 resonance signal is shifted upfield in comparison with that of ATP [6, 10] , indicating interaction between this region of the adenine base and a part of the TNP moiety. Such a proximity of the two moieties of TNP-ATP was clearly shown by the X-ray crystal structure of TNP-ATP bound to the histidine protein kinase CheA [11] (see Fig. 2 in the section on APPLICATIONS). Acidification of TNP-ATP under mild conditions results in the opening of the dioxolane ring at the 2'-oxygen to yield the 3'-O-TNP derivative as the only product [12] . To be used as a spectroscopic environmental probe for proteins, the molecule must be sensitive to some indicator of local environment, e.g., polarity and viscosity. Wavelengths of visible absorption maxima of TNP-ATP depend on solvent polarity [8, 9] . For example, they vary between 408 nm in water and 410 nm in 80 % ethylene glycol for the first maximum as well as between 470 in water and 474 nm in 80 % ethylene glycol for the second maximum.
The position of the fluorescence emission maximum of TNP-ATP varies more significantly with solvent [8, 10] . For example, it is at 561 nm in water and at 533 nm in N,N-dimethylformamide. On the other hand, the quantum yield is enhanced 75-fold in going from water to this organic solvent where the absolute quantum yield is 0.015. It should be noted that both the intensity and the maximum of the emission spectrum change gradually with change of the composition of the solvent, and there is no significant change in the shape of the emission spectrum. The solvent polarity has been expressed using Kosower's empirical polarity Z scale [13] . Both the location of the emission maximum and the emission quantum yield of TNP-ATP showed very good correlation with the Z value [8] .
The fluorescence of TNP-ATP is also sensitive to changes in solvent viscosity. The quantum yield is increased 3.7-fold in going from 0 to 30 % sucrose at 25 °C. At the same time, the 7 wavelength of emission maximum is decreased from 561 to 547 nm.
These fluorescence properties of TNP-ATP, together with its visible absorption properties, make it possible to use TNP nucleotide analogs not only as fluorescent but also as chromophoric probes for nucleotide-requiring enzymes and proteins. The spectroscopic properties of TNP nucleotide analogs are independent of structures of base and phosphate moieties of parent nucleotides. Thus there is no significant difference in spectroscopic properties between TNP-ATP and TNP-GTP [7] . Furthermore, it is impossible to monitor the enzymatic hydrolysis of the TNP-nucleoside triphosphates spectrophotometrically.
APPLICATIONS
TNP-ATP was synthesized as a chromophoric [6, 10] and fluorescent [9, 14] probe to obtain information about the environment around the ATP binding site of the myosin ATPase, the best-known example of motor proteins. TNP-ATP was hydrolyzed by the myosin ATPase.
Upon binding to myosin, fluorescence of TNP-ATP and TNP-ADP was markedly enhanced.
These reports have extended the use of TNP nucleotide analogs to other numerous enzymes and proteins. Table 1 
Kinetic studies
The most extensive applications of TNP nucleotide analogs to date have been in kinetic and equilibrium measurements of the interaction of nucleotides with enzymes and proteins. -ATPases). The most extensive use of TNP nucleotide analogs to date has been in studies on these two ATPase families [15] [16] [17] . Recently, the analogs have been also used in studies on the traffic ATPases (ABC transporters) including CFTR and Pgp, large family of membrane-associated export and import systems. TNP-ATP and TNP-GTP bind to CFTR with high affinities [18] [19] [20] . Pgp can hydrolyze TNP-ATP but at a much slower rate than ATP [21, 22] .
TNP-ATP was also used for studies on various kinases. TNP-ATP acted as a substrate for PRK [23] . However, for mevalonate kinase [24] and PGK [25, 26] , this analog was not a substrate but a strong competitive inhibitor toward ATP and ADP.
TNP nucleotide analogs are suitable flurescent probes to study the nucleotide binding properties of ATP-dependent DNA helicases, which play essential roles in replication, repair, recombination and transcription of DNA. They include DnaB [27] and SV40 T antigen [28] .
Both proteins bind TNP-ATP and TNP-ADP stoichiometricaly with high affinities. DnaB hydrolyzes TNP-ATP at a rate similar to that of dATP whereas SV40 T antigen is unable to hydrolyze it. With the aid of these TNP nucleotide analogs, it was revealed that the nucleotide binding specificity of the T antigen is similar to that of DnaB.
P2X receptors are membrane ion channels that open in response to the binding of 9 extracellular ATP. There are seven genes in vertebrates encode P2X receptor subunits (for recent reviews see [29, 30] . Except for the F-and P-type ATPases, the most extensive use of TNP nucleotide analogs has been in studies on the interactions with P2X receptors.
TNP-ATP is strongly selective for receptors containing P2X 1 Interestingly, phosphatidylinositol phopholipids compete for TNP-ATP binding to the COOH termini of ATP-sensitive K + channels [36] . From the displacement experiments, it was suggested that the COOH termini of the channels form a nucleotide-and phopholipid-modulated channel gate on which ATP and phopholipids compete for binding.
Wilson's disease is caused by mutations in gene encoding a copper-transporting ATPase (Wilson's disease protein, WNDP). The Lys 1010 -Lys 1325 fragment of the protein where numerous mutations had been identified was overexpressed, purified, shown to form an independently folded ATP-binding domain. TNP-ATP binds to this fragment more tightly than ATP [37] .
Energy transfer studies
The technique of FRET provides a means of estimating the distance between a fluorescence donor and an acceptor, and has been used to determine the distance between several specific sites in proteins. The TNP nucleotide analog is a potentially valuable fluorescence acceptor because the wide range of wavelengths over which it absorbs conveniently overlaps the emission spectra of many commonly used fluorescence donors. Thus, TNP nucleotide analogs have been extensively used in the FRET studies with various enzymes and proteins.
For the Na PRK forms a stable ternary complex with TNP-ATP at the active site and an allosteric activator NADH [23] . Using the former as a fluorescence acceptor and the later as a fluorescence donor, the distance between the two sites was estimated as 21 Å.
Binding of TNP-GTP to tubulin caused a large increase in the analog fluorescence [38] .
This fluorescence increase disappeared completely when excess GTP was added, indicating 
X-Ray crystallography
Prior to the X-ray crystallographic analysis of a ligand-protein complex, it is often required to know the ligand-binding properties of the protein in the crystal form. For PGK, the use of TNP-ATP made it possible to determine binding constants for the nucleotide substrates even in the crystal forms [26] . A displacement of TNP-ATP bound to two different crystals of the enzyme, the binary complex with 3PG and the ternary complex with 3PG and AMP-PCP, was monitored upon incubation with ADP or ATP using single-crystal microspectrophotometry.
In comparison with solution [25] , stronger binding of the nucleotides could be detected in the presence of 3PG in both types of crystals. This result indicated that the antagonistic substrate binding, characteristic of the enzyme in solution, is not retained in the crystal forms. The ratio of the fluorescence intensity of bound analog to that of unbound one.
